ECMO in cardiac arrest and cardiogenic shock
Cardiogenic shock and cardiac arrest are life-threatening emergencies with a high mortality rate despite numerous efforts in diagnosis and therapy. For a long time medical therapy -at the forefront with catecholamines, vasodilators and others -and mechanical ventilation, if necessary, were the standard of care for cardiogenic shock. Oxygen supply and perfusion are critically reduced during shock and arrest, and both are physical processes that are in principle amenable to (temporary) extracorporeal mechanical support. Early pioneering work to prove this principle was performed in animals as early as 1937 [1] and in humans 20-30 years later [2, 3] . With the seminal paper by Hill and coworkers [4] , extracorporeal membrane oxygenation (ECMO), which can provide blood flow support and extracorporeal gas exchange at the same time, was introduced into the clinic. Since then, technical improvements have contributed to the current worldwide use of ECMO for severe respiratory and cardiorespiratory failure refractory to medical therapy. Recently, there has been some discussion on initiating mechanical support even earlier, with the intention to avoid multiorgan failure associated with excessive catecholamine doses and/or aggressive ventilator settings. By analogy with the concept of veno-venous ECMO and lung-protective ventilation for treatment of acute respiratory distress syndrome, the goal of mechanical support in cardiogenic shock is myocardial rest while protecting end organ perfusion.
In the following, we review ECMO support in the context of cardiogenic shock and refractory cardiac arrest, with a special focus on technical aspects of veno-arterial ECMO. Of note, the following statements are primarily true for percutaneous ECMO with femoral cannulation and may not necessarily be directly transferable to central or upperbody cannulation.
Cardiogenic shock and cardiac arrest
Cardiogenic shock is the main cause of early mortality in patients with acute myocardial infarction [5] . Other conditions leading to shock comprise acutely decompensated chronic heart failure, decompensated valvular heart disease, myocarditis, Takotsubo syndrome, acute pulmonary embolism, acute allograft failure, incessant arrhythmia, peripartum cardiomyopathy [6] , and others [7] . During cardiogenic shock not only the heart itself suffers from pump failure, but even more end organs such as the brain, kidney, liver, and gut are at risk due to insufficient perfusion (multiorgan dysfunction syndrome) [8] , and the rate of congestion-associated pneumonia increases. Beyond blood pressure and heart rate as classic shock markers, serum lactate, central venous oxygenation, liver enzyme levels, and urine output are surrogate markers of circulatory failure and multiorgan dysfunction [9] . Reduced coronary perfusion further decreases cardiac output, and multiorgan dysfunction/failure is further complicated by metabolic acidosis and acute coagulopathy. All of these conditions aggravate each other in a fatal vicious circle [8, 9] .
Out-of-hospital cardiac arrest(OHCA) occurs with an estimated incidence of 500,000 per year in Europe [10, 11] , with two thirds having a primary cardiac cause [12] . Mortality after OHCA remains high despite interventional therapy and modern intensive care. Only 10-15% of those who arrive at the normal hospital survive [13, 14] , of whom about 50-80% have a favorable neurological prognosis [15, 16] . In this context, immediate bystander CPR and areawide availability of automated external defibrillators are essential to increase survival and prognosis. The first electric shock should be applied as early as possible [17] to minimize the time of hypoperfusion, associated LV pump failure, and consecutive development of shock [18] . After return of spontaneous circulation (ROSC), the patient needs to be transferred to an experienced center, which holds all required diagnostic and therapeutic tools [19] . In clinical routine, the first 24 h after resuscitation often decide on the outcome, and guidelines recommend cardiac catheterization in most cases early after OHCA [20, 21] . Therefore, primary admission to a tertiary center should be preferred over admission to a regional hospital and secondary transfer to a tertiary center, when progression of shock has already occurred.
The majority of patients after OHCA develop post-cardiac arrest syndrome [22, 23] in a vicious circle: Cardiac arrest leads to ischemia of the myocardium and end organs, which results in adverse metabolism, acidosis, and vasoplegia. The hypoperfused heart is not able to respond to the circulatory needs, which in turn aggravates peripheral ischemia [24] . Therefore, restoration of systemic perfusion is essential -particularly in the immediate and early phase after ROSC -in order to limit multiorgan dysfunction [25] , which can also be considered a "whole-body reperfusion syndrome. " In this context, complete cardiac revascularization is recommended [12, 26] , but care of other end organs such as the brain, intestine, liver, and kidneys is equally important [23] .
As outlined, cardiogenic shock and cardiac arrest share many pathophysiological features and evoke many similar responses. Thus, it was not surprising but very important to prove that the prognosis of both conditions is equally adverse: In a recent study of 250 consecutive patients from Denmark, 130 were admitted to a tertiary center with cardiogenic shock, while 118 had OHCA. Interestingly, both groups had the same dismal outcome with 60% 1-week mortality [27] . This underlines the urgent need for novel therapeutic strategies for patients with cardiogenic shock and arrest.
Restoration of systemic circulation
For many years catecholamines have been used for stabilization of patients with cardiogenic shock. Inotropes such as dobutamine are given with the intention to increase cardiac output by their positive inotropic and chronotropic function. In contrast, vasopressors such as norepinephrine are administered for increasing blood pressure by vasoconstriction and indirect effects such as increased preload. Epinephrine shares features of both drug classes. However, inotropic drugs increase myocardial oxygen consumption, heart rate, arrhythmogenicity, and inflammation in the already diseased heart [28] . Beta1-adrenoceptor agonists have been associated with energy depletion, oxidative stress, and adverse outcome in acute heart failure [29] . Vasopressors increase myocardial afterload and potentially impair peripheral tissue perfusion. Thus, from a pathophysiological perspective, inotropes as well as vasopressors are associated with adverse effects on the heart and other end organs while these organs should recover. Consistently, current guidelines recommend catecholamines as a short-term bridge in the acute situation (only class IIb, level of evidence C), but clearly mention the disadvantages of such drugs, also in light of the paucity of clinical studies demonstrating a survival benefit [25, 30, 31] . In clinical routine, catecholamines are often "effective" in terms of increasing blood pressure, but linked to impaired microcirculation and multiorgan failure, and thus not sufficient for sustained and harmless stabilization of patients with severe cardiogenic shock and resuscitation. In this context, beta-blockers and calcium antagonists taken by the patient before arrest might further contribute to the limited efficacy of catecholamines. Therefore, it is increasingly being discussed to initiate mechanical circulatory support as a powerful tool for bridging earlier and more frequently, in order to improve the prognosis of patients with severe cardiogenic shock or refractory arrest [32] . However, this trend is based on data from many registries and retrospective/observational studies, while evidence from prospective randomized controlled studies is lacking.
Mechanical circulatory support
Several modes and devices of mechanical support are currently available [32] , of which each has its own features and advantages.
The intra-aortic balloon pump (IABP) consists of a catheter-mounted balloon that inflates during diastole and deflates during systole in the descending tho-racic aorta. By this, coronary perfusion should be enhanced during diastole, while afterload should be decreased during systole when the left ventricle (LV) ejects. Notwithstanding the attractive pathophysiological principle, augmentation by IABP depends on LV output, and the potential of support decreases with lower LV output. Several studies have demonstrated that IABP support is not favorable in infarct-related cardiogenic shock [33, 34] . Therefore, current guidelines have retracted the recommendation of IABP use [31] .
The TandemHeart ® consists of a pump and two cannulas, of which one is inserted via venous access and transseptal approach into the left atrium (LA), and the other one via arterial access into the femoral artery. By this, the TandemHeart ® introduces a right-toleft shunt, reduces LV preload by LA drainage, but increases afterload by retrograde flow support toward the aorta.
The TandemHeart ® is not widely used in Europe and requires experienced transseptal cannula placement, which is assumed to harbor considerable risk in the acute situation.
Transaortic microaxial pumps (Impella ® , Heartmate PHP ® ) are introduced via arterial access through the aorta across the aortic valve into the LV. These devices directly unload the LV, transport the drained volume inside of the pump toward the aorta and eject into the aortic root. This elegant approach, which follows the physiological blood flow direction, is comprehensively described in the same issue of this journal (Schäfer A, Bauersachs J, doi: 10.1007/s00059-016-4512-7). However, microaxial pumps do not offer gas exchange or temperature control. Probably, the most often used form of mechanical circulatory support today is ECMO. Originating from cardiac surgery and initially developed for temporary lung replacement, ECMO support is now broadly established for cardiorespiratory support [35] . Notwithstanding its enormous support potential, ECMO has several special features and harbors certain specific risks, which will be reviewed here (see next sections). In general, mechanical support can be used with different strategies (. Table 1 ). In patients with severe cardiogenic shock from myocardial infarction or myocarditis, mechanical support is routinely employed in a bridge-to-recovery approach. In the case of acute decompensated chronic heart failure, the potential for recovery may be limited, which sometimes results in a bridgeto-destination approach. In resuscitated patients, a bridge-to-decision strategy is usually required, as further therapies such as LVAD surgery, ICD implantation etc. are postponed until awakening of the patient allows for estimating neurological recovery and eligibility.
Veno-arterial ECMO

Technical aspects
ECMO is a modified form of cardiopulmonary bypass [36] , and has undergone a dramatic technical evolution since the widely known publication by Hill and coworkers in 1972 [4] . In principle, ECMO drains venous blood through a cannula and tubing and returns it via another tubing and cannula into the body, both driven by a rotor unit. During ECMO passage the blood becomes oxygenated, decarboxylated, and warmed in an extracorporeal gas exchange unit. In nonsurgical application in adults, peripheral cannulation of the femoral and/or jugular vessels is the standard technique, usually with 21-25 French Table 2 ). Veno-venous (VV) ECMO drains from and returns to the right atrium. It is used for replacement of lung function, typically during acute respiratory distress syndrome, and is not further discussed here.
In contrast, veno-arterial (VA) ECMO drains blood from the right atrium and returns to the arterial system, typically to the iliac arteries toward the aorta (. Fig. 1 ). By this, VA-ECMO reduces preload and increases aortic flow and end organ perfusion [36] . With arterial cannulation, placement of a dedicated sheath for antegrade perfusion of the cannulated leg (. Fig. 1 ) is recommended to prevent leg ischemia [37] , which is standard in many centers.
A great advantage of VA-ECMO is that cannulation may be performed nearly everywhere, as the system and all parts are transportable. Thus, an unstable patient can receive ECMO support in the emergency room, on the ward, in the catheterization laboratory, the operating theater, or even in the field [38, 39] . In contrast to other support systems, fluoroscopy or echocardiography guidance is -albeit helpful -not required for successful implantation. Once ECMO is running, the patient can be transferred with the whole unit, which is another advantage over other systems. Therefore ECMO is frequently used for transport of unstable patients by car, helicopter, or even by plane as an air-bridge [40] .
VA-ECMO establishes a massive right-to-left shunt by draining venous blood and returning it to the iliac artery. This flow support, which can reach 7 l/min with large cannulas and contemporary rotors, results in a significant increase in blood pressure as long as there is enough vascular resistance (pressure = flow × resistance). The massive venous drainage effectively reduces preload and thus leads to venous decongestion. Arterial reinfusion to the systemic circulation strongly enhances perfusion of end organs and is therefore attractive during severe cardiorespiratory failure or resuscitation. Of note, at the same time retrograde flow support increases LV afterload (see next section).
Contraindications and complications
Notwithstanding the fast set-up of the system and the efficient hemodynamic support, VA-ECMO has contraindications and harbors a significant risk of complications (. Table 2 ). Most contraindications are relative owing to the lifesaving nature of ECMO support, which in turn underlines that ECMO should only be initiated when ethical aspects or the patient's wish do not preclude mechanical support. Uncontrolled bleeding is a contraindication, as ECMO requires heparin for anticoagulation at least for longer support. In selected patients, however, this contraindication is relative, if ECMO is the only strategy to save the life of the patient. There are indeed centers that run ECMO support in high-risk patients without any anticoagulation (off-label) for a limited time (such as in severe trauma [41] or diffuse alveolar hemorrhage [42] ). A nearly absolute contraindication is severe aortic regurgitation: The retrograde flow support of VA-ECMO would cause severe LV distension and pulmonary edema. VA-ECMO results in LV distension even in patients with moderate aortic regurgitation [43] . Further contraindications are listed in . Table 2. ECMO support is an invasive procedure with profound changes of body oxygenation and circulation, and inherently associated with potentially severe complications [37, 44] . Among these are vascular complications, leg ischemia, bleeding, hyperfibrinolysis, stroke, and air embolism (. Table 2 ). These are anticipated and in most cases effectively controlled in tertiary centers. This emphasizes that initiation, maintenance, weaning, and removal of ECMO requires a strong theoretical and practical expertise and should be performed in high-volume centers only.
Pathophysiology: watershed
The retrograde ECMO output meets the antegrade LV output at a zone called the "watershed" [36, 45, 46] . In most cases the watershed occurs somewhere between the aortic root and the di- aphragm (. Fig. 2) , depending on the native output of the heart: The higher the LV output relative to ECMO output, the more distal the watershed [46] . Since the output of most ECMO devices is nonpulsatile, pulse pressure measured at the right radial artery serves as an estimate of LV output [46] . For example, a blood pressure of 80/70 mm Hg at an ECMO flow of 4.5 l/min suggests a watershed in the aortic root, whereas a blood pressure of 140/70 mm Hg at the same ECMO flow suggests a watershed in the descending thoracic aorta. Blood from the ECMO is usually well oxygenated; however, oxygenation of blood from the LV depends on the respiratory function of the lung. Therefore the position of the watershed is critical for oxygenation. Aortic root oxygenation cannot be continuously measured with standard equipment. If the watershed is located in the ascending aorta and blood from the LV has an oxygen saturation of, e. g., 56% during lung failure, then the heart itself may be perfused for hours or days with an extremely insufficient oxygen saturation from the lungs in the presence of sufficient oxygenation of all other organs from the ECMO. In this context, the extreme form of dismal circulation is the "two-circulation-syndrome" [47] : If the venous cannula is incorrectly placed in the inferior caval vein, so that only blood from the lower body is drained, blood from the upper body goes through the lungs to the ascending aorta. Then venous drainage from and the perfusion of the upper body are both disconnected from that of the lower body. This results in a "Harlequin"-like appearance of the patient, with upper-body hypoxia and lower-body hyperoxia.
As outlined, circulation and oxygenation are overall subject to profound changes during VA-ECMO. Therefore multiple parameters have to be monitored in a patient on VA-ECMO at the same time (. Table 3 ; [48] ).
Triple cannulation
VA-ECMO delivers powerful circulatory and respiratory support (. Table 2 ). Carbon dioxide elimination by the ECMO is nearly always sufficient, thus hypercapnia is nearly never a problem in patients on ECMO support -in contrast to (differential) hypoxia. As outlined earlier, the high oxygen content of ECMO output reaches only organs below the watershed. Thus, under normal conditions the lower extremities, gut, kidneys, liver etc. are well oxygenated during VA-ECMO support. An additional effect on organ oxygenation results from a higher amount of oxygen delivered to the lower body and an associated higher venous backflow oxygen: Depending on oxygenation settings, ECMO outflow pO2 usually equals at least 200-300 mm Hg, compared with 50-100 mm Hg in arterial blood oxygenated in the lungs of a standard ventilated shock patient. This results in a higher total oxygen delivery to the body, which may have an effect also on organs perfused by LV blood, yet the relevance of this effect is unclear to date. However, in some patients on VA-ECMO support secondary lung failure develops. This is a dangerous situation: Depending on the watershed position, all organs perfused by blood from the heart are prone to severe ischemia in the presence of ECMO support, in particular the heart and brain. If lung failure is due to pulmonary edema, ultrafiltration and active LV unloading (see later) are sufficient to achieve decongestion. However, in many patients with lung failure on VA-ECMO support, the problem results from an ARDS-like condition, which cannot be or should not be effectively solved by aggressive ventilation or decongestion. Inthese patientsanelegant and very effective treatment is upgrading the ECMO circuit to a triple-cannulated ECMO, with one venous-draining, one arterial-supplying, and one venous-supplying cannula ("VAV-ECMO", . Fig. 3 ; [36, 49] ). In addition to the VA circuit, the additional venous cannula adds preoxygenated blood to the lungs and thereby establishes a "VV component. " This ensures sufficient oxygen content of blood ejected by the heart and allows for lung protective ventilation. Of note, VAV-ECMO requires sufficient RV function, otherwise it may be necessary to relocate the venous-supplying cannula into the pulmonary artery [49] for bypassing the RV. Retrospective studies suggest efficacy of VAV cannulation for rescue of body oxygenation and recovery of lung failure [50] [51] [52] , but prospective studies are needed to confirm the observed benefit.
Pathophysiology: afterload, decompression
During acute heart failure, the diseased LV has impaired ability to eject, and stroke work and myocardial oxygen consumption are increased [30, 53] . When bridge-to-recovery is the therapeutic goal (e. g., myocarditis or myocardial infarction), stroke work and myocardial oxygen consumption have to be reduced to facilitate regeneration.
However, notwithstanding the immediate massive hemodynamic and respiratory support and the reduction of preload, VA-ECMO increases LV afterload [53] [54] [55] [56] [57] . This may result in increased LV filling pressures, wall stress, and severe pulmonary congestion despite reduction of preload. Moreover, ECMO is often ascribed a positive effect on coronary perfusion; however, human data are lacking and data from animal studies are conflicting [58, 59] . From a pathophysiological perspective, a high LV pressure during diastole impairs coronary perfusion by reducing the transcoronary perfusion gradient. In patients with extremely low systolic LV function and in all patients with ongoing arrest, VA-ECMO support results in a functionally closed aortic valve without relevant transaortic blood flow. This potentially results in severe LV distension [54] and pulmonary congestion in the presence of sufficient systemic circulation.
Thus, LV unloading, prevention of LV distension, reduction of myocardial wall stress, and enhancement of coronary perfusion are important goals during mechanical circulatory support for bridgeto-recovery. Unloading (= "venting") can be achieved by different methods. One way is venting through the atrial septum, either by atrioseptostomy [60, 61] or placement of an additional draining cannula through the atrial septum [62] , both of which are potentially hazardous [61] particularly in the already critically ill patient. Another possibility is transvalvular unloading across the aortic valve, which has already been performed in an experimental approach with a transvalvular coronary catheter connected to the venous draining ECMO cannula [63] . However, simple draining of the LV has no direct effect on coronary perfusion and does not increase antegrade transaortic blood flow. Therefore pumps have been developed that are percutaneously inserted, drain the LV, and eject into the ascending aorta. Their first use (Hemopump ® ) was published as early as in 1990 [64] , but the clinical breakthrough took nearly 20 years to occur, mainly attributed to technical improvement of the device. Today, the only transvalvular microaxial pump approved in the United States and Europe is the Impella ® device (Abiomed, Danvers, USA), which is the current device of choice of most centers for active LV unloading, also combined with VA-ECMO (. Fig. 4) .
The frequency of the combined use of ECMO and Impella ® varies greatly between centers. Of note, it is unclear to date which patients have a benefit of additional Impella ® support in parallel to VA-ECMO. There are two published studies reporting combined support [65, 66] . Their data point to a benefit of dual support, but further studies are unequivocally needed. . Fig. 5 shows a proposal for the management of VA-ECMO and potential unloading, based on pathophysiological considerations and clinical practice in our center. In general, the lower systolic LV function is in a given patient, the sooner active LV unloading should be considered.
VA-ECMO for cardiogenic shock
Despite the broad use of ECMO in experienced centers, data from larger studies are limited. Most studies are retrospective series or registry studies. Some years ago, IABP was used in many countries almost routinely for patients with severe cardiogenic shock, but later on randomized studies demonstrated the noneffectiveness of routine IABP support [33] . With this in mind, the decision for or against mechanical support and the de- From clinical experience, ECMO initiation is rather easy and fast, and ECMO is a very effective tool for enhancing and ensuring systemic circulation and provide gas exchange. As such, it should be primarily considered in patients with severe acute cardiorespiratory failure (the "crash and burn" patient). In addition, some specific indications exist, such as decompensated pulmonary arterial hypertension and pulmonary embolism. . Table 4 lists selected studies [67] [68] [69] [70] [71] [72] of VA-ECMO in cardiogenic shock.
From a pathophysiological perspective, VA-ECMO should be favored for bridge-to-destination or bridge-to-transplantation, when recovery is not the primary goal and LVAD or transplantation will follow. VA-ECMO is also favorable for bridge-to-surgery, especially for embolectomy. In resuscitated patients VA-ECMO is the commonly used device for bridge-to-decision. By contrast, VA-ECMO may not be the ideal support form for isolated LV dysfunction with potential for recovery (acute myocardial infarction, myocarditis, Takotsubo syndrome, etc.), since afterload increases and recovery may be hampered [53] . Of note, these are considerations from daily clinical routine and pathophysiology, but dedicated studies are urgently needed to prospectively compare the different support forms. One such study is the prospective, open-label, multicenter, randomized, controlled "ANCHOR" trial (Assessment of ECMO in Acute Myocardial Infarction with Non-reversible Cardiogenic Shock to Halt Organ Failure and Reduce Mortality), which is currently investigating the use of ECMO in cardiogenic shock during myocardial infarction. In this context, an interesting tool that is already mentioned in current heart failure guidelines [31] is the "SAVE" score to estimate the prognosis of patients with cardiogenic shock on VA-ECMO [73] . Another promising score is the "ENCOURAGE" score [72] .
VA-ECMO for extracorporeal resuscitation
. Table 5 lists a selection of studies [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] on extracorporeal CPR (ECPR), i. e., ECMO for refractory resuscitation. Of note, to date there is no prospective randomized study on ECMO for this indication, also for ethical reasons. A comprehensive review of retrospective studies has been recently published elsewhere [87] . Taken together, the available literature on ECPR suggests that ECMO is sufficient to ensure systemic circulation in refractory arrest. However, mortality varies between centers, and four factors appear to critically determine ECPR success: patient selection criteria, a detailed standard operating procedure, immediate and sufficient bystander CPR, and time from arrest to ECMO. . Table 6 lists a proposal for inclusion and exclusion criteria for ECPR. Of note, such criteria can only set a frame for decision, but may need to be adjusted for individual patients. A standard operating procedure for ECPR needs to incorporate all elements from circulatory arrest and bystander CPR over professional CPR, early contact with the ECMO center, team approach by anesthesiologists, cardiologists, and intensivists, high-level intensive care medicine, and optimal rehabilitation. A proposal for a prospective study considering all these factors has recently been published [88] . The time-to-ECMO interval is consistently associated with mortality [78, 84] , very likely due to the increased incidence and severity of post-resuscitation metabolism with delayed extracorporeal support. Thus, a dedicated program for ECPR needs to put all efforts into earliest ECMO implantation and optimal preclinical CPR.
Conclusion
Mechanical support is increasingly used in cardiogenic shock to minimize or avoid catecholamines and to facilitate regeneration of the diseased heart. Refractory cardiac arrest is an emerging indication for mechanical support, and recently more centers have developed ECPR programs. Cardiogenic shock and arrest share many pathophysiological features, and in this context VA-ECMO is a powerful extracorporeal life support system, as long as it is initiated early. VA-ECMO use requires a dedicated bridging strategy, such as bridge-to-recovery, bridge-to-decision, or bridge-todestination, and complications need to be anticipated. Retrograde flow support increases LV afterload and may result in LV distension, which can be prevented and resolved by LV venting or active LV unloading. Prospective controlled studies are needed to develop specific protocols for defined clinical conditions, in order to find the optimal mechanical support strategy in a given situation.
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